Abstract
barrier, which charge carriers have to overcome to move between bulk and surface, could 23 have a significant kinetic impact on the oxidation reaction on the surface and the activation 24 of oxygen. 5 The surface barrier height under steady-state reaction conditions could hence be 25 a descriptor for the catalytic performance of oxidation catalysts. However, it has not proven 26 so far that oxidation catalysts act indeed like semiconducting gas sensors with the formation 27 of a surface potential barrier controlled by the gas phase.
28
Understanding the working mode of vanadyl pyrophosphate (VPP), which is the com-29 mercial catalyst for the oxidation of n-butane to maleic anhydride. 10-14 is of general interest,
30
since it is a benchmark system in selective oxidation catalysis, 15-21 representing one of the 31 most important class of heterogeneously catalyzed reactions in context of the dawning raw 32 material change. 22 Due to the increasing conductivity in air and decreasing conductivity in 33 n-butane containing gas mixtures, VPP was identified as p-type semiconductor with electron 34 holes as majority charge carriers. 10-14,23-26 However, the conductivity response alone is not 35 a sufficient descriptor for selectivity, since vanadium(V) oxide exhibits as well a reversible 36 conductivity response under reaction conditions, 27 but catalyzes only the total oxidation of 37 n-butane to CO and CO 2 .
38
In our contribution we report on the successful application of near-ambient pressure X-ray 39 photoelectron spectroscopy (NAP-XPS) to investigate the influence of the reactive gas phase catalyst MoVTeNbO x (orthorhombic M1 phase) in order to identify a general concept that can explain selectivity. shows XP spectra at high (secondary electron cutoff) and low binding energies (valence band) 60 in the three different gas atmospheres. The peak close to the valence band at about 2-2.5 eV below the Fermi level (0 eV) is assigned to an occupied vanadium 3d state. Upon changing 62 the applied gas mixture, the secondary electron cutoff, valence band onset, and V3d state of the core levels V2p 3/2 , O1s, and P2p are depicted in Figure S1 (Supporting Information).
70
The V3d state is reversibly shifted by up to 540 meV, while the measured core levels are 71 reversibly shifted by about 500 meV between oxidizing O 2 and reducing C 4 H 10 conditions.
72
This consistent behavior is a strong indication for a bulk-surface charge transfer accom-73 panied by the formation of a sub-surface space charge region and a gas-phase dependent The obtained results for the electronic response of VPP in the different gas mixtures are 100 schematically summarized in a simplified band diagram (Figure 3) . Notably, the electronic 101 structure of the catalyst has not necessarily to be described by delocalized bands. If Fermi-
102
Dirac electron statistics can be applied and electron or electron hole conduction can be 103 described by a hopping mechanism of charge carriers between localized molecular orbitals, a 104 similar double layer formation with an electric field between surface and bulk will form and 105 similar binding energy shifts of the valence and core levels can be expected.
106
Band bending and the surface potential barrier are induced by the pinning of the Fermi 107 potential to the surface state potential, being modified by the gas phase chemical potential.
108
The surface states could be identified by a V 4+ /V 5+ redox couple on the surface. In this 
relationship between surface barrier (band bending) and vanadium oxidation state is strongly already suggested by Boudart with his concept of a "defect one-phase surface system". 1
123
As indicated by eq 1 and eq 2, a high V 5+ /V 4+ ratio can increase the surface barrier 124 height qV B to such values, that the bulk-surface electron transport is impeded. Under 125 such conditions, also the activation (reduction) of gas phase oxygen is strongly limited. As a 126 consequence, the surface barrier confines the concentration of activated oxygen on the surface.
127
Since an accumulation of oxygen will cause the total oxidation of the desired oxygenate to 128 CO x , the surface potential barrier could control the catalytic selectivity.
129
In order to check the suggested relationship between surface barrier and selectivity, the barrier, which could indeed explain the observed total oxidation of n-butane to CO x .
144
In addition, we investigated an alternative selective n-butane oxidation catalyst, the or- The strong surface restructuring indicated by the electron affinity change observed for both Press, 1963. 
